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Sea level change during 1970-2010. The tide gauge data are 

indicated in red (Church and White 2006) and 

satellite data in blue (Cazenave et al. 2008). The grey band shows 

the projections of the IPCC Third Assessment report for 

comparison. 



Project Objectives 

• Objective: 
– Develop a predictive landscape simulation model, 

incorporating non-linear feedbacks, of the ecogeomorphic 
consequences of climate-induced sea-level rise and river 
flow alteration in Skagit-Padilla system 

– Use the model to guide restoration efforts in the face of 
rising sea levels.  
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Skagit River System and the 

Padilla Bay National Estuarine  

Research Reserve 





• 3000 ha intertidal eel grass 
• - 3.0 - + 0.75 m MLLW 

 













1) Cutoff from historical sources of sediment 

2) No opportunity for upslope migration 

3) Sea level rise 
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Are the eelgrass beds in Padilla Bay at risk from rising sea levels? 

Are they accreting at rate that keeps pace sea level rise? 



Wetland Response to Rising Sea Levels 
 
  • Accrete at a rate that keeps pace with SLR 
  • Habitat switching, convert to open water 
  • Migrate upslope 
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Factors Affecting Wetland Elevation 

Relative to Sea Level 

• O.M. Production (above and belowground) 

• Allogenic Sediment Deposition 

• Eustatic Sea Level Rise 

• Deep Subsidence 

• Shallow Subsidence (Primary Compaction and Decomposition) 

 

SET and Horizon Markers 
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   • ESLR  (- 0.33 cm/yr) 

Padilla Bay 

 

  • Uplift (+ 0.09 cm/yr) 

  • Elevation Change  

 mean = -0.22 cm/yr 

  

    

-0.33 + -0.22 + 0.09 =  -0.46 cm/yr 
Elevation  

Deficit  
= 



From Fitzgerald et al. 2008. 



Morris et al. 2002 
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Rybczyk and Cahoon 2002 

Kiwan and  

Murray 2008 

D’Alpaos et al. 2006 

Clough  

and Park 2006 

Morris 2006 

Temmerman et al. 2003 

Scale 

L
ev

el
 o

f 
M

ec
h

an
is

m
 

High 

Low 

Marsh Elevation Models 



New York City,  

5 M SLR 
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1. Field Data Collection For Model Development, 

Initialization, Calibration, and Validation 

Hydrodynamic  

Model 

Sediment Transport 

Model 

Relative Elevation and 

Habitat Model 

2. Model Development   

3. Sea Level Rise and Restoration Scenarios 



FVCOM 

Mineral 
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Salinity 
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SET Site 4

y = -0.5414x + 1083.9
R2 = 0.9464
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Field Data Required for Initialization 

Vegetation 

• Net primary productivity as a function of elevation 

• Root/shoot production ratio 

• Labile/refractory matter ratio for leaf and root litter 

• Decomposition rate of labile and refractory organic matter 

• Plant matter conversion factor (g.d.w. to gC) 

• Root distribution with depth coefficient 

Sediment 

• Accretion rate 

• Minimum/maximum pore space 

• Sediment compaction constant (based on bulk density and pore space 
measurements from cores) 

Miscellaneous 

• Deep subsidence rate 

• Eustatic sea level rise rate 

• Initial elevation at a representative point 



1. Field Data Collection For Model Development, 

Initialization, Calibration, and Validation 
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Surface Velocity and Water Depth 

  

Low Tide High Tide 

Yang, Z. and T. Khangaonkar. 2009. Modeling tidal circulation and stratification in Skagit River estuary 

using an unstructured grid ocean model. Ocean Modelling 28: 34 - 49. 

 



Surface Salinity at Flood and Ebb Tides 
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Flood Tide Ebb Tide 



Bottom TSS at Flood and Ebb Tides 

38  

Flood Tide Ebb Tide 



1. Field Data Collection For Model Development, 

Initialization, Calibration, and Validation 

Hydrodynamic  
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Sediment Transport 
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Relative Elevation and 

Habitat Model 

2. Model Development   

3. Sea Level Rise and Restoration Scenarios 



Table 1.  Rates of eustatic sea level rise used for each of the seven scenarios. 

Scenario name Description Source ELSR rate 

(cm/year) 

IPCC-Low Lower limit of all IPCC AR4 scenarios (from 

scenario B1) 

(Meehl et al. 2007) 0.1714 

IPCC-M id Average of all IPCC AR4 scenarios 

 

(Meehl et al. 2007) 0.3267 

IPCC-High Upper limit of all IPCC AR4 scenarios (from 

scenario A1F1) 

(Meehl et al. 2007) 0.5619 

IPCC-High+Ice Upper limit of all IPCC AR4 scenarios with added 

central value of scaled-up ice sheet discharge  

(Meehl et al. 2007) 0.6381 

Rahmstorf-M id Central value projected semi-empirically based 

upon IPCC TAR 

(Rahmstorf 2007) 0.8636 

Rahmstorf-High Upper limit projected semi-empirically based upon 

IPCC TAR 

(Rahmstorf 2007) 1.2727 

Biomass-Red ESLR large enough  to cause a reduction in total  

annual Z. marina NPP after 100 years 

this study 1.8182 

 



Kairis, P. and J.M. Rybczyk. 2010.  A Spatially Explicit Relative Elevation Model for 

Padilla Bay, WA.  Ecological Modeling. 221: 1005 -1016. 

  

 

2002 2102 

0.56 meter increase in 100 years 



2002 2102 
1.27 meter increase in 100 years (Rahmstorf 2007) 



Next Steps 

• Refine the sediment delivery and complete 

the model linkage  

• Restoration scenarios for the Skagit Delta 

• Outreach 



 



FVCOM Model Grid for Skagit-Padilla Bays 
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• Expansion of Existing Skagit Bay Model to Padilla Bay and 
Saratoga Passage 
– Modification of model boundary condition  
– Additional stream flow inputs from Entranco Engineers and Ralph 

Nelson (1989) 

 
 



Surface TSS at Flood and Ebb Tides 
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Flood Tide Ebb Tide 



Annual  

Elevation 

Surplus  

or Deficit 

Mineral  

Matter  

Accretion  

Organic  

Matter  

Accumulation 

Shallow 

Subsidence 

Deep  

Subsidence 

or 

Uplift 

Eustatic 

Sea-Level 

Rise 
= + - - ± 



 Rate of SLR (mm year-1) 
 1961 - 2003 1993 - 2003 
Actual observed rate of SLR 1.8 ± 0.5 3.1 ± 0.7 

Estimated contribution from sources   
      thermal expansion 0.42 ± 0.12 1.6 ± 0.5 
      glaciers and ice caps 0.50 ± 0.18 0.77 ± 0.22 
      Greenland ice sheet 0.05 ± 0.12 0.21 ± 0.07 
      Antarctic ice sheet 0.14 ± 0.41 0.21 ± 0.7 
      sum of estimated contribtions1 1.1 ± 0.5 2.8 ± 0.7 
 



Bathtub model, appropriate for some situations, but wetland exist in a  

Dynamic equilibrium with sea level rise…accrete at up to 1.5 cm year 

 

Get to high in the tidal frame…too low.  





Sediment column integrates all processes 
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SHALLOW SUBSIDENCE

DEEP SUBSIDENCE

Temporal scale of processes that affect wetland 
elevation relative to sea level.  Processes shown below 
the timeline decrease relative wetland elevation while 
those shown above the line increase it.    
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Outlet width (m) 

0.88-1.56 m 

NAVD88 

1.66-2.22 m 

NAVD88 

2.26-2.92 m 

NAVD88 

NF: y = 0.52x0.98 

       R2 = 0.69 

SF: y = 0.80x0.96 

       R2 = 0.82 

BF: y = 0.09x1.03 

       R2 = 0.58 

SH: y = 0.78x0.65 

      R² = 0.66 

SL: y = 0.12x1.21 

      R² = 0.76 

high: y = 0.60x1.24 

          R² = 0.82 

med: y = 0.28x1.20 

         R² = 0.77 

low: y = 0.07x1.16 

         R2 = 0.76 



Indicators of marsh erosion from sediment starvation resulting from river 

distributary blockage by dikes.  Marsh pedestals in the Skagit bay-fringe marsh: 

knee-high (30-40 cm), covered with Carex lyngbyei (sedge).  Lower elevation 

matrix is low density Schoenoplectus americanus (American three-square).  

Photo taken in autumn with senescing vegetation. 



2002 2102 
1.27 meter increase in 100 years  





Setup and Testing of Sediment 
Model 
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• Assumptions 

– One class sediment 

– Fine suspended sediment only (no bed load) 

– Sediment discharge from Skagit River only 

– Sediment concentration at open boundaries set to zero 

– No bed sediment erosion (for testing purpose) 

• Parameterizations 

– TSS concentration at Skagit River = 100 mg/L 

– Sediment settling velocity = 0.05 mm/s 

– Critical shear stress for deposition = 1 x 10-5 N/m2 

– Critical shear stress for erosion = 1 x 105 N/m2 

 



• 3000 ha intertidal eel grass 
• - 3.0 - + 0.75 m MLLW 

 



Above and  

Belowground 

Zostera 

Productivity 





Decomposition 

Primary 

Production 

Sediments 

Wetland  

Elevation 

Feedback 



Point Transect Platform Landscape 

Rybczyk and Cahoon 2002 

Kiwan and  

Murray 2008 

D’Alpaos et al. 2006 

Clough  

and Park 2006 

Morris 2006 

Temmerman et al. 2003 

Scale 

L
ev

el
 o

f 
M

ec
h

an
is

m
 

High 

Low 

Marsh Elevation Models 




